Neurogenesis was studied in the medial preoptic area of the guinea pig by the method of tritiated thymidine autoradiography. Eight cytoarchitectonic divisions were examined, 4 of which display sexual dimorphism and 4 that do not. Neurogenesis in the nonsexually dimorphic divisions was found to end at embryonic day (E) 27, while in each of the sexually dimorphic divisions neurogenesis continued after this and persisted until at least E31 in the central compact and principal portions of the medial preoptic nucleus. Since the testes become active at E25 in the guinea pig (Resko, 1970) , it is possible that gonadal secretions influence the proliferation and subsequent developmental processes of neurons destined for the sexually dimorphic nuclei.
The medial preoptic area (MPA) ofthe guinea pig exhibits prominent sexually differentiated patterns of cell density and distribution (Bleier et al., 1982) . The most conspicuous sexual dimorphisms involve the medial preoptic nucleus (MPN) as described by Byne and Bleier (1987) . This nucleus has 3 divisions: (1) an anterior compact subnucleus (MPNa) that occupies a larger volume in females than males; (2) a central compact subnucleus (MPNc) that occupies a larger volume in males and corresponds cytoarchitectonically to the sexually dimorphic nucleus of the preoptic area (SDN-POA) described by Gorski et al. (1978) in the rat; and (3) the principal portion of the MPN (MPNp), which is moderately cellular and in which the densely cellular MPNa and MPNc are embedded. In addition to the sex differences in the MPN, at some levels the anterior periventricular nucleus (Pea) appears more densely cellular in females, while portions of the bed nucleus of the stria terminalis (BNST) are more prominent in males (Bleier et al., 1982; Hines et al., 1985) . The sex differences in MPNa and MPNc have been shown to develop largely in response to sex differences in prenatal androgen exposure, while the prenatal hormonal dependence of the other dimorphisms has not been investigated (Byne and Bleier, 1987) . As a first step toward elucidating the mechanisms by which androgens and their metabolites influence hypothalamic cy-toarchitecture, the present study was undertaken to determine the period during which MPA neurons are formed using the method of tritiated thymidine (3HT) autoradiography. The theoretical aspects of this technique have been discussed extensively by Sidman (1970) . Briefly, since thymidine is a precursor of DNA, the tritiated compound is incorporated into the nuclei of dividing cells that are exposed to it, and since DNA replication is semiconservative, half of the label originally incorporated into the nucleus of a cell is lost from that cell with each subsequent division. 3HT, therefore, permanently and substantially labels only those cells undergoing one of their final divisions at the time of exposure.
Neurogenesis within the hypothalamus has been studied extensively in the rat (Ifft, 1972; Altman and Bayer, 1978a, b; Jacobson and Gorski, 198 l) , but to date no such studies in the guinea pig have been reported. The present study describes the patterns of neurogenesis of the sexually dimorphic nuclei and several adjacent nuclei in the MPA of the guinea pig. Neuronal proliferation was found to continue in the sexually dimorphic cell groups after it had ceased in their neighboring nuclei.
Materials and Methods
Mature female albino guinea pigs of Hartley stock were time-mated as described elsewhere (Byne and Bleier, 1987) and the day of mating designated as day 0. On a single day of gestation between embryonic days (E) 20 and 3 1, at 0900 hr, each of these females received a single intraperitoneal injection of 3HT (5 pCi/gm body weight).
The offspring included in this study were born after 69 or 70 days of gestation and housed with their mothers until they were given an overdose of sodium pentobarbital at 30 d of age and perfused intracardially with 10% neutral formalin. The brains were then removed and suspended in fresh formalin for 2 weeks, dehydrated in graded alcohols, and embedded in paraffin. The brains were sectioned frontally at 8 pm and serial sections through the MPA were mounted on subbed slides.
The slides were coated for autoradiography by dipping in Kodak NTB-2 emulsion diluted 1:l with distilled water and exposed for 8 weeks in desiccated boxes at 4°C. The slides were then developed with Kodak Dektol, stained with thionin, and coded so that the sex and injection date of the preparations were not known to the investigators.
Thirty-three brains were examined in this study: 2 male brains from each injection day except E28, for which only 1 male brain was available, and 1 female brain from each day, except E29 and E30, for which no female brains were available. Cells in 8 cytoarchitectonic divisions were examined for silver grains: MPNp, MPNa, MPNc, Pea, suprachiasmatic nucleus (SCN), supraoptic nucleus (SON), and Bleier's (1983) preventricular periventricular nucleus (Pep). Pep was subdivided into median and lateral portions so that our results in the guinea pig could more easily be compared with the results of Altman and Bayer (1978a) in the rat. The median portion of Pep corresponds to the median preoptic nucleus (MnPO) of the Altman and Bayer study. The cell groups included in the present study are shown schematically in Figure 1 .
Cells that fell within fields (0.04 mm2) established by an ocular reticle and distributed systematically throughout each division were examined with a Zeiss microscope fitted with a 10 x ocular and a 100 x oil-of Gui nea Pig Preoptic Nucl ei Figure I . Schematic illustration of the nuclei examined in this study. Levels a, b, and c correspond, respectively, to plates 6, 9a, and 11 in Bleier's (1983) immersion objective. Based on a prior analysis of cell densities, the number of fields to be examined was chosen so that the number of cells sampled in each cytoarchitectonic division was approximately 100 per brain. Cells containing 5 or more silver grains were considered to be labeled above background, and cells containing 25 or more silver grains were considered to be heavily labeled. The criterion for background was derived by scanning the ventricular lumen. Very rarely within the lumen, 3 or 4, but never 5, silver grains were found clustered together within an area of 16 pm* (approximately the size of an average nucleus). The criterion for heavily labeled cells was established from a prior analvsis of grain counts in 735 cells selected randomly from bra&s from each injection day. From this analysis, 100 was taken as the approximate maximum amount of label a cell could incorporate. After the incorporation by a cell of a maximal amount of label, each of its progeny would theoretically contain 25 silver grains following 2 mitotic divisions. There are many factors that act to reduce the amount of label incorporated by dividing neuroblasts (for review, see Sidman, 1970) ; nevertheless, the proportion of heavily labeled neurons within a given nucleus should provide an index of the proportion of cells in that nucleus that underwent their final division shortly after the )HT injection. The proportion of lightly labeled cells is an indicator of the proportion of cells that either underwent several divisions after the injection or incorporated a submaximal amount of 'HT initially. Two heavily labeled neurons and the low incidence of background labeling are shown in Figure 2 .
Results
Adequate numbers of male and female specimens were not available for a statistical evaluation of possible sex differences in the temporal or quantitative patterns of neurogenesis; however, examination of the available material suggests that such differences, if they exist, are not dramatic. Histograms showing the percentages of labeled and heavily labeled neurons from each day of gestation from E20 through E3 1 are shown in Figure  3 . The injection made on E30 is presumed to have been faulty since no labeled neurons or glia were seen anywhere within the brains of animals exposed to 3HT on this day and since label was seen in the brains of animals exposed on E3 1. Figure 3 shows that neurogenesis in the nonsexually dimorphic portions of the MPA is almost complete by E25, approximately the day that the fetal testis becomes active (Resko, 1970) . In contrast, 25-40% of the cells in the sexually dimorphic nuclei incorporate label on E25. The pattern of labeling seen in male and female guinea pigs following exposure to 3HT on E26 is shown in the photomicrographs of Figures 4 and 5. Although the female brain was sectioned more obliquely, the distribution of labeled cells was the same in both sexes. In both sexes exposed to 3HT on this day, label is conspicuously more concentrated in the sexually dimorphic nuclei than in the surrounding MPA, and the labeled cells form a continuum extending posterodorsolaterally from MPNa to BNST. Although silver grains were not counted in the cells of the BNST, it is apparent by inspection of Figures 4c and 5 that this nucleus becomes densely labeled by an injection on E26, suggesting that its pattern of neurogenesis is similar to that of the other cell groups in the region that display sexual dimorphism.
Discussion
The major finding of the present study is that the sexually dimorphic cell groups within the MPA are distinguished from their surround by their pattern of neurogenesis. Specifically, in contrast to cells destined for nonsexually dimorphic nuclei, a significant proportion of cells destined for the sexually dimorphic nuclei arises after the onset of fetal gonadal activity. The significance of this finding lies in the fact that gonadal steroids may influence the proliferation and differentiation of cells destined for the sexually dimorphic nuclei since receptors for gonadal steroids have been demonstrated in hypothalamic extracts from embryonic rodents Fox, 1977, 1979; and since the sexually dimorphic nuclei (MPNa, MPNp, MPNc, Pea, BNST) have been shown to possess receptors for gonadal hormones in adulthood and during the period of sexual differentiation of the brain Sheridan et al., 1975; Stumpf et al., 1975; Warembourg, 1977) .
Our results suggest that the neurogenesis of particular nuclei follows the same temporal sequence in the guinea pig as in the rat. In the rat, Altman and Bayer (1978a) reported the last day of neuronal proliferation for SON, MnPO, SCN, and Pea, respectively, to be gestational days 15, 16, 17, and 17. Our results in the guinea pig show the last day of proliferation for the same nuclei to be gestational days 26, 26, 27, and 29, respectively. According to Altman and Bayer, the last day on which cells became labeled in the MPA was E16, which corresponds approximately to E26 in the guinea pig. Jacobson and Gorski (198 l) , however, reported that neurogenesis in the SDN-POA (our MPNc) of the rat continues until at least El 8, and that the MPNc is the only nucleus within the MPA labeled by the administration of 3HT at this time. Assuming that the temporal patterns of neurogenesis are similar for rats and guinea pigs, our results are slightly at odds with both reports. Our study suggests that in the guinea pig proliferation of cells destined for MPNp and MPNc ceases approximately concurrently around E3 1 (which in the rat would correspond approximately to a time between 18-2 1 d postconception). We did not, however, actually determine the last day of neuronal production in either cell group since both incorporated label on our last day of injection. In a recent report by Jacobson et al. (1985) , a dark-field photomicrograph of a section taken from a rat exposed to 3HT on El8 (their fig. 2 ) shows a significant amount of label ventral to the MPNc (perhaps in the MPNp, depending on the precise tilt of the plane of sectioning), in addition to label within the MPNc. The authors do not comment on the discrepancy between this photomicrograph and their previous report. Perhaps this discrepancy is due to the difference in the ages of the subjects in their 2 studies (30 and 9 d after birth for the 1981 and 1985 studies, respectively). Alternatively, the discrepancy may be explained by the fact that in their earlier study the entire MPA was not examined. Because Jacobson et al. employ the de Groot plane, their sections, which pass through the MPNc dorsally, usually pass more ventrally through the anterior hypothalamic region overlying the SCN rather than through the MPNp. Thus, in their earlier study in which label in the MPNc was compared with label in an immediately more lateral region, label in the MPNa and MPNp may have been missed. The work of Jacobson et al. together with that of Altman and Bayer demonstrates that neurogenesis in the nonsexually dimorphic portions of the MPA ends at E 16, the day that other workers have suggested that the fetal rat testis first becomes active (for references, see Baum, 1979) . Thus, in the rat as well as the guinea pig there is a close temporal correspondence between the onset of fetal gonadal activity and the end of the proliferative period for neurons destined for nonsexually dimorphic regions of the MPA.
Hypothalamic sexual dimorphisms in rodents provide powerful model systems for the study of hormonal influences on neural development. At least 4 developmental processes may contribute to the establishment of sexual dimorphisms in hypothalamic cytoarchitecture. These are (1) neuronal proliferation, (2) neuronal growth, (3) neuronal migration, and (4) differential neuronal death. The possibility that each of these processes participates in sexually dimorphic development will be discussed in turn.
Sex differences in neuronal production have been described in the medial preoptic area of rats. More neurons were produced on E 14 in females than in males, while the reverse was true for El7 (Jacobson and Gorski, 198 1) . In the present study no sex differences in neurogenesis were observed; however, only dramatic differences would have been detected given the present experimental protocol. Sex differences in cell size are found within the sexually dimorphic regions of the guinea pig brain, but these appear to be related to the larger size of the male brain rather than to the dimorphisms per se. That is, cell size throughout the MPA tends to be larger in males than in females, even in the MPNa, which occupies a larger volume in females (Byne, 1985) . Pfaff (1966) also concluded that the larger neuronal size of male rats relative to females is related to the larger brain size of males.
Cells that form the MPA proliferate in the germinal layer of the third ventricular lining and subsequently migrate to their final positions (Altman and Bayer, 1978b) . In the rat, presumptive MPNc cells migrate dorsally from the ventral portion of the ventricular lining during the early postnatal period (Jacobson et al., 1985) . This finding, together with the fact that cells in the MPA of guinea pigs appear to be concentrated more anteroventrally in females than in males (Byne and Bleier, 1987, Fig. 2) suggests the possibility that testosterone stimulates the posterodorsal migration of a certain proportion of presumptive MPNc cells. In other words, in the absence of a timely and potent androgenic stimulus, cells would retain a more anteroventral localization. Jacobson et al. (198 5) failed to detect a sex difference in neuronal migration in the rat; however, such a Figure 5 . Photomicrographs (x 60) of a more caudal section through the hypothalamus of the male in Figure 3 . Label is concentrated in Pea, MPNp, and BNST. The densely staining portion of the BNST (arrow) appears to correspond to the portion shown to be sexually dimorphic by Hines et al. (1985) . Abbreviations as in Figure 4 legend. difference would be extraordinarily difficult to demonstrate due to the fact that the contours of the brain itself are changing during the migratory period.
Sex differences in selective cell death have been shown to participate in establishing cytoarchitectonic sex differences in the gerbil brain (Ulibarri and Yahr, 1984) and in the rat spinal cord (Nordeen et al., 1984) . In these cases, testosterone was shown to decrease the incidence of selective cell death. Testosterone also inhibits the neuronal loss that normally occurs in the superior cervical ganglion during development (Wright et al., 1983) . While such an action of testosterone could easily explain why particular nuclei are larger in males than in females, it cannot easily explain why the MPNa is larger in females. Estrogen and testosterone exert similar organizational actions on the developing rat brain of some species (see Goy and McEwen, 1980) . It is unlikely, however, that sex differences in estrogen production by the fetal gonads contribute to the sexually dimorphic development of the MPNa or other sexually dimorphic nuclei in the guinea pig since estrogen levels are extremely low or below the level of assay sensitivity throughout the period of sexual differentiation (Buhl et al., 1979) . Sex differences in progesterone levels were also not found during this period.
In summary, the proliferation of cells destined for sexually dimorphic hypothalamic nuclei is still in progress after the commencement of fetal gonadal activity and during the early portion of the period in which androgen exposure has been shown to masculinize hypothalamic cytoarchitecture of female guinea pigs (Byne and Bleier, 1987) . Thus, the neurogenesis and subsequent developmental processes of sexually dimorphic nuclei may be influenced by gonadal steroids. Now that the period of medial preoptic neurogenesis has been established, further work may elucidate the mechanisms involved in the development of sexually dimorphic nuclei in the guinea pig. Although much of our knowledge of neural sexual differentiation comes from studies of altricial rodents, the guinea pig may provide a preferable model for particular aspects of primate reproductive development (see Terasawa et al., 1984; Hines et al., 1985; Byne and Bleier, 1987) . Extrapolating from work done on the rat, we suggest that sex differences in neuronal production and migratory patterns may contribute to establishing a larger MPNa in females, while these developmental processes together with sex differences in selective cell death may contribute to establishing a larger MPNc in males.
